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Abstract:

Thermal response tests (TRT) are an essential in situ test for the sizing of ground source heat pump
systems. Its application on energy piles is becoming an established practice, involving key
differences in relation to testing boreholes. Recently, group TRTs emerged as an alternative to
testing single short energy pile elements. This work assesses the execution and interpretation of
those tests through different analytical heat transfer models implemented in a unit-response
calculation methodology. To assess the suitability of the method, a comprehensive parametric
analysis using a validated numerical model is undertaken, considering different energy pile sizes,
thermal properties for both concrete and soil and group pile arrangements. The analytical
methodology is validated against experimental and numerical results, and then tested to interpret
the numerically simulated TRTs using a curve fitting algorithm. The broad parametric
investigation and the evaluation of the capacity of different analytical methods on modelling each
scenario provide directions to execute and interpret group TRTs. The soil effective thermal
conductivity and energy pile thermal resistance are obtained with less than 5% precision error for
most scenarios and less than 10% considering all scenarios. These results can be further improved
with specific individual G-functions for the pile elements, that can be implemented on the proposed

methodology.

Keywords
Energy Piles; Thermal Response Tests; Analytical Models; Numerical Modelling

Highlights
- Thermal inteference influences the results of multi-energy pile TRT.

- The intensity of thermal interference between piles depends on the soil and pile geometry.



- The interpretation of closely spaced multi-pile TRT must consider thermal interactions.

- An analytical method for interpreting any multi-pile TRT is presented.

List of Notations

Coc concrete specific heat capacity

Cof fluid specific heat capacity

Coyg ground specific heat capacity

D thermal resistance matrix

d thermal disturbance history vector

Err relative error (%)

Fo Fourier Number

G step G-function matrix

G G-function

Gy Pile ground G-function

Ge Pile concrete G-function

Gi,i Pile individual response G-function

Gij Pile to pile interference G-function

H Total heat exchanger length

h individual pile/borehole length

hy vector of length of individual piles in a pile group
L pipe-to-pipe connection matrix

m slope of the linear relation between average carrier fluid temperature and logn(t)
m mass fluid flow rate

Npiles number of energy piles in series



P estimated values (from the methodology proposed)

Q total thermal power (W)

q thermal power transfer rate (W/m)
Orate circulating fluid flow rate

Qt thermal power transfer vector containing the total heat exchange by each GHE
Ot vector of 1 X npiles individual piles thermal power transfer rates
Rb Pile thermal resistance

Ib, pile radius

r radial coordinate

S pile spacing

Tavg system average fluid temperature
Ttarfield undisturbed ground temperature

Tin system inlet fluid temperature

Tout system outlet fluid temperature

To undisturbed ground temperature

V “real” value (from the FE model).

0g ground thermal diffusivity

Y Euler constant

Ae concrete thermal conductivity

At thermal conductivity of fluid

g effective ground thermal conductivity
Pe density of concrete

pt density of fluid

Pg density of ground

z vertical coordinate (depth)
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1 Introduction
Ground source heat pump systems (GSHP) are a renewable energy alternative for heating and cooling

buildings that makes use of shallow geothermal energy through heat exchangers embedded in the
ground. The employment of geostructures to also act as heat exchangers can reduce the implementation
cost of GSHP systems significantly (Lu & Narsilio, 2019), thus expand their applicability. Energy piles
are the most researched energy structure, however implementation of this technology at a larger scale
is inhibited by the lack of proper serviceable design methods (Loveridge et al., 2020; Narsilio & Aye,
2018). The similarities (e.g., cylindrical slender shape) to the extensively employed borehole heat
exchangers (BHE) initially propelled energy piles research with its established applicable models.
However, pile structural design and lower aspect ratio (AR = length / diameter) introduce differences

to thermal design from BHE practice (Brandl, 2006; Makasis et al., 2018; Loveridge et al., 2014).

The Thermal response test (TRT) is the leading in-situ test tool for ground thermal characterisation and
thus BHE design. The test consists of injecting (or extracting) thermal power at a constant rate by
circulating a heated fluid (e.g. water) in the heat exchanger’s pipes while measuring the fluid inlet and
outlet temperatures. TRTs were first implemented on boreholes (Austin 111, 1998; EKIOF & Gehlin,
1996; Mogensen, 1983) and later applied on energy piles (Bouazza et al., 2013; Colls et al., 2012;
Murphy et al., 2014; Wood et al., 2010), while nowadays their use has expanded to other energy
structures as well (Motamedi et al., 2021; Zhong et al., 2022). The outcomes from this test are the
effective ground thermal conductivity (Ag) and the BHE thermal resistance (Rp), the latter being a
reciprocal to thermal conductivity, capturing the effective thermal response within BHE (Beier &
Smith, 2002; Loveridge & Powrie, 2014a). In practice, the main TRT analytical interpretation tool used
is based on the log-linear approximation of the infinite line source model (ILSM) (Carslaw & Jaeger,
1959), popular due to the ease of computation and low computational requirements. Zhang et al. (2019)
compared different analytical methods on interpreting a TRT executed in a borehole and its impact on
design, concluding that ILSM is precise enough when interpreting TRTs. The ILSM log-linear
approximation requires that the early-stage data of the test, typically equivalent to the heat exchanger

heating stage (i.e., transient phase), to be discarded. The duration of the transient phase depends on the



28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

o1

52

53

54

BHE diameter and the soil conditions (Gehlin, 2002; Hellstrom, 1992), ranging from a few hours for
boreholes to up to a few days for large piles. The requirement of significantly longer TRT for energy
piles jeopardizes its application, since longer tests are more expensive and more exposed to power

fluctuations and eventual faults (Loveridge et al., 2014).

There are several examples of problems related to TRT execution on piles, and some respective studies
addressing them. Bouazza et al. (2013) and Morais et al. (2020) presented experimental large energy
pile TRT cases where over 100 hours of test had to be discarded for proper test interpretation and yet
the results present a significant variability. Franco et al. (2016) used numerical models to evaluate the
sensitivity of interpretation of TRTs using the simplified form of the ILSM to certain parameters,
concluding that the thermal conductivity of both soil and concrete, pipe spacing, and pile diameter may
induce more significant influence on the test results. In an attempt to shorten energy piles TRTs
duration, Loveridge et al. (2014) tested the applicability of transient Pile G-functions (Loveridge &
Powrie, 2013) on the test interpretation. The Pile G-functions interpretation resulted in similar
parameter values to the ones obtained using the ILSM for typical TRT duration, however the Pile G-
functions needed a shorter test duration. Even though the pile tested by Loveridge et al. (2014) is
relatively small (0.3 metres diameter), Jensen-Page et al. (2019) arrived to similar conclusions regarding
the pile G-functions and the ILSM analysing an energy pile with 0.6 m diameter. Moreover, Jensen-

Page et al. (2019) concluded that FE models are still more reliable overall.

However, to the best of the authors’ knowledge no work to date assessed the interpretation of TRT tests
for energy pile groups, with only a handful of exploratory articles available in the literature. As per
Katsura et al. (2009), a group of energy piles connected in series can be modelled as a single-long heat
exchanger, therefore the test could be interpreted as such. Loveridge et al. (2015) analysed a TRT
executed in a group of three energy piles, concluding that the consideration of an equivalent single long
BHE can be used for interpretation. Bandeira Neto et al. (2023) compared the suitability of TRT
between a test executed in a single short energy screw pile and another executed in a group of eight
equivalent piles, concluding the group test was a better approach. The authors interpreted the TRTs

using FE models and ILSM approximation, assuming the piles in the group formed a single equivalent
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borehole as per the literature. The parameters obtained analytically were consistent with the FE model
results. Analysis of the FE model outputs confirmed that there was no significant pile-to-pile thermal

interference occurring, which may eventually happen in a group test.

This work evaluates the thermal interferences that may occur in group TRTs and assesses what is the
impact in the group test execution and interpretation. A validated FE model is used to simulate hundreds
of TRTs in both boreholes and pile groups, observing how the arrangement, geometry and thermal
parameters affect the carrier fluid temperature. The largely used assumption that piles in series behave
as a single-long heat exchanger is tested in the analysis of the model’s outputs. An analytical method
able to simulate the thermal behaviour of energy pile groups during a TRT is presented and validated
against the FE models and a full scale TRT executed in a group of eight energy piles. This analytical
method is then used to interpret the group TRTS, aiming to obtain Ag and Ry, with at least similar

precision that traditional TRT interpretation methods achieve for single heat exchangers.

2 Analytical heat transfer models
This section presents a brief review of the main analytical models used on BHESs and energy pile practice

that are considered in this work.

2.1 Single heat exchanger models

Most analytical heat transfer models used in BHE practice are named after the main assumptions
involved. For instance, the ILSM assumes that the BHE behaves as an infinite linear source of heat,
while the Infinite Cylindrical Source Model (ICSM) assumes an infinite cylindrical shape and the finite
linear source model (FLSM) in turn assumes a finite linear shape. The equations and details on these
traditional analytical models are presented in Appendix A, however they can all be simplified as

presented by (Eq. (1))
T(t) =Ty +qRp +qG (1)

where G stands for G-function (Eskilson, 1987), that corresponds to the ground thermal response. In
each one of these analytical methods there is a corresponding G-function (Li & Lai, 2015) which are

indicated in Appendix A. These models consider Ry as a constant, representing the steady state thermal
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resistance of the BHE, which can be obtained from different methods (Marcotte & Pasquier, 2008).
However, during the transient phase, Ry, is not constant (Bidarmaghz, 2014). This assumption is suitable
for boreholes, however for energy piles with large diameters, which have a longer transient phase, it is
less appropriate. Loveridge and Powrie (2013) developed specific energy Pile G-functions, generated

from the results of several FE models metres (Eq. (2)):

T(t) = Ty + qGRy + ng 2

where G is named as the Pile concrete G-function, and Gy is the Pile ground G-function. The purpose
of G is to model the transient phase; its value varies from zero to one, building up the R, value until
the steady state is reached. Because of the problem complexity, Loveridge and Powrie (2013) could not
define a single equation for either G. or G4. The Pile G-function equations are defined by characteristics
of the problem. The functions are limited by upper and lower bound conditions (PGUB and PGLB,
respectively) that correspond to different early stages behaviour, and pile AR from 15 up to 50, which

characterise the late stage.

2.2 Thermal interferences between piles

Usual GSHP design configurations with multiple BHESs consist of an evenly spaced grid, hence thermal
interactions are rather uniform. Eskilson (1987) also developed BHE group G-functions that consider
evenly spaced borehole grids by calculating FLSM solutions for multiple distances and considering the
spatial superposition of effects. For clarity, the schematic in Figure 1 presents two energy piles
connected in series rejecting thermal power to the ground. The thermal power injected in Pile 1 heats
up both Pile 1 and Pile 2. The thermal response of Pile 1, to determine its average carrier fluid

temperature (Tavy), is given by Eq. (3).
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Figure 1 Representation of two energy piles connected in series.

Ti(t) =To+ q1Rp1 + q1G11 + 42612 (3)

where G, is the Pile 1 individual thermal response G-function, and G, is the Pile 2 interference on
Pile 1 ground G-function. While G is solved for the distance rn, G is calculated considering pile
spacing distance s to compute the thermal interference. To calculate the outlet fluid temperature leaving
Pile 2 (Touw), the sum of both thermal resistance components, both individual pile responses, and the
thermal interference from each pile over its counterpart must be considered (hence, a superposition of
effects). Consequently, the combination of the existing G-functions forms the respective BHE group G-
function as done by Eskilson (1987). However, energy piles distribution is usually irregular, and pile
geometries vary due to the structural design, denoting multiple ry and s values. So instead of developing
several group G-functions, Loveridge and Powrie (2014b) presents a methodology to determine G-
functions for any pile configuration using FE models. However, this method does not account for the

case when piles are connected in series.

The energy pile spatial distribution and pipe-to-pipe connection configuration affect the amount of
thermal power transferred by each pile over time. When energy piles or boreholes are connected in

series, the first pile in the sequence exchanges more thermal power since its inlet temperature will be

9
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more extreme in comparison to the following one. In addition, piles exposed to less thermal interference
can exchange more thermal power over time, as they receive less of it from neighbouring piles.
Consequently, the individual g; values of each pile over time are unknown. Marcotte and Pasquier
(2014) propose an algorithm to solve the fluid temperature and individual borehole heat transfer on
borehole fields of any geometry and pipe-to-pipe connection using the superposition of FLSM solutions.

The solution of the linear system presented bellow (Eq. (4)) provides both parameters:

[G+I;+L 1[ Q: ]:[—d] 4)
1 0l 1—=(Ts, — To) Q
where G is the step G-function matrix, that contains solved FLSM functions for all existing r, and s
values , D is the thermal resistance matrix, L is the pipe-to-pipe connection matrix, Q; is the thermal
power transfer vector containing the thermal power absorbed in each BHE, Tin is the system inlet fluid
temperature and d is the thermal disturbance history vector, that contains the thermal response of each
pile before the time step to be solved. More details on the methodology can be found in (Marcotte &
Pasquier, 2014). This approach allows fast and precise analytical calculation of complex BHE systems
and was validated against FE models; however, it has not been tested on energy piles yet. This work
modifies the original algorithm to provide the average fluid temperature instead of the inlet and uses

other G-functions besides the one from the FLSM to model and interpret TRTs on energy pile groups.

3 Methodology

This work uses a validated FE numerical model to undertake a parametric analysis of single and group
TRTs. A total of 468 scenarios are simulated, providing data and insight into the thermal response of
energy pile groups in comparison to equivalent single heat exchangers. The parametric analysis shows
the impact of thermal interferences between piles in a group TRT result. An analytical tool based on
the knowledge presented in section 2.2 and validated against both the numerical results presented in
this work and a full-scale energy pile group TRT from the literature. The tool is then used to interpret
Ag and Ry values of all simulated group tests, examining the errors involved while aiming for feasibly
shorter test duration, outlining the applicability of each interpretation method in practice. Details of this

overview and general approach are included in this section.

10
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3.1 FEM model’s parametric analysis

FE models with a single borehole and multiple energy piles are used to simulate TRTs. All models
consider the heat exchangers embedded within a single soil material layer. The soil is considered as
homogeneous and isotropic, and only heat conduction is considered within the soil (i.e., no groundwater
flow) while both convection and conduction are considered in the pipes. Groundwater flow may affect
the TRT result interpretation (Li et al., 2022; Magraner et al., 2021). However, in practice the
groundwater flow effect is commonly considered within the resulting effective thermal conductivity
(Franco & Conti, 2020) since the most popular analytical models do not account for groundwater flow.
Groundwater flow is not considered in the numerical models for this work and is expected to be
investigated in future work. Continuity and energy balance governing equations are numerically solved
through implementation in the FEM package COMSOL Multiphysics (COMSOL, 2021). The pipes and
the circulating water are modelled as 1D elements, coupled to the 3D pile and soil elements by the pipe
wall temperature. No thermomechanical effects are considered for simplicity. Further information on
the governing equations involved can be found in Appendix B and (Bidarmaghz, 2014; Makasis, 2019)
and several (real and synthetic) cases of validation for this methodology can be found in the literature
(Bidarmaghz et al. 2016; Jensen-Page et al., 2019; Makasis et al., 2018), including one against a group

of eight energy screw piles connected in series (Bandeira Neto et al., 2023).

Four model geometries are built, including a single borehole and two, four and eight energy piles. To
simplify the comparison between scenarios with different number of piles, the total heat exchanger
length is kept constant to 100 metres and all piles are connected in series. Therefore, the single BHE
has 100 metres depth while in the group of eight piles each one has 12.5 metres depth, assuming the
pipe connections between piles are insulated, therefore not contributing towards these values. The
meshing of the different geometries results in a total element number range varying from 300,000 to up
to 460,000 tetrahedral elements, depending on the generated domain since the size varies according to
the various pile spacings modelled sequentially (Figure 2 and Table 1). The boundary conditions are
thermal insulation on the top and constant temperature (Trarfiels) ON the bottom and lateral boundaries,

which are at least 10 metres distant to the closest pile (Figure 2). The same average thermal power rate

11
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of 50 W/m is used as input (i.e., both BHE and pile groups are subjected to 5kW heating) to calculate
the inlet fluid temperature in each time step (Appendix B). The simulation time is 14 days, ensuring
that all tests would at least exceed the duration threshold of Fo = 5. The simulation time step adopted
is 15 minutes for the first 24 hours (where more changes are seen in temperature) and 2 hours for the
remainder. A single high-density-polyethylene pipe (HDPE) U-loop is inserted in each pile, with the
pipes positioned 5 cm from the pile wall, meaning that pipe spacing varies with the pile diameter.
Besides the number of piles, different values for the effective ground thermal conductivity Aq, the
concrete thermal conductivity Ac, the pile radius r,, and the pile spacing s are considered in the analysis.
All other parameters are kept equal to the ones used in model validation (Bandeira Neto et al., 2023).
The parameters values are presented in Table 1, comprising a total of 432 simulated scenarios with

multiple piles and another 32 of a single borehole.
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Figure 2 Geometries of the models with one, two, four and eight piles (not to scale) considering Thermal insulation
(1) and Fairfield temperature (2) as top and sides boundary conditions, respectively.

Table 1 Parameters considered in the model parametric analysis

Parameter Value(s) Unit Description
Ag 1,2,3and 4 W/(m-K)  Effective ground thermal conductivity
Ac 1,2and 3 W/(m-K) Concrete thermal conductivity
) 75, 150 and 250 mm Energy pile radius
S 1,2,5and 10 m Spacing between energy piles

12
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Npiles 1,2,4and 8 - Number of energy piles

Py 2000 kg/m?3 Density of ground

Coyg 1000 JI(kg-K) Specific heat capacity of ground
Pe 2250 kg/m?3 Density of concrete

Coc 890 JI(kg-K) Specific heat capacity of the concrete
f 0.58 W/(mK) Fluid thermal conductivity

Pt 998 kg/m?3 Fluid density

Cot 4185 JI(kg-K) Fluid specific heat capacity

Tharfield 18 °C Undisturbed ground temperature

Qrate 25 L/min Circulating fluid flow rate

From the model results, the relative thermal efficiency of each pile group is evaluated as the percentage
of total thermal power retained TPy by each group of piles in comparison to its equivalent 100 m single
borehole (same thermal properties and BHE radius). The calculation of TPy is done by comparing the
fluid temperature increase between the group of piles and the respective equivalent boreholes, which
represent the total energy exchanged, since for the TRTs the thermal power used is the same. Larger

thermal power retained means lower relative heat transfer efficiency, defined as:

TP — Ty group(t = 14 days) — Trarieta 1 (5)
ret Tf,bore (t =14 days) - Tfarfield

where TPy is the thermal power percentage that the pile group fails to reject in the soil due to thermal
interference, Trgroup and Trnore are the fluid temperatures of the pile group and boreholes scenarios,

respectively, which have the same ry, Ag and Aq.

In addition to the parametric analysis, the numerical models are used to validate and evaluate an

analytical methodology for group TRT interpretation, described in sections 3.3 and 3.4.

3.2 Proposed thermal interference methodology

The methodology presented herein is based on the work of Marcotte and Pasquier (2014), with a few
modifications made to allow the estimation of TRT parameters and consider different analytical models
for the calculation of the G-functions. The matrix D (Eg. (4)) is removed from the general equation and

included in the matrix G calculation, given the existence of the concrete G-function G in the pile G-

13
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functions. In addition, here the problem is solved in terms of thermal power transfer rate g (W/m) instead
of total thermal power Q (W). The vector Q; from Eq. (4) can be written as (grhy), where g: is a 1 X
Npiles VECtor of the individual piles thermal power transfer rates for the moment in time considered in the

calculation, and hy is a vector of the same size composed by the length of each pile. Therefore, the total
thermal power exchanged in the system can be described as Q(t) = H - q(t) = (Zrllpues a;(t) - hi). As

in the case studied herein all piles have the same length or depth (H = h - n;,) the thermal power

(237" q,(0)

Npiles

transfer rate of the system becomes q(t) = . Lastly, to work in terms of average fluid

temperature Typ,g = (Tin, — Toue)/2, the term Tin in Eq. (4) is replaced by Tay, Which requires the
thermal interference matrix L to be modified, following the assumption from Eg. (6). The system is

presented on Eq. (7):

R (6)
Tavg =Ti 2mC,
[G+L 1] (q; - hy) _[ —d ] )
1T 0l [=(Tupg —To)| ~ 19 " Mpites

where m is the mass fluid flow rate and C, is the fluid specific heat capacity. The matrix G has a size

of Npites X Npites and has the following shape:

Gy G2 - Gpjq Gy,
Gyn  Gap 0 Gpjq Gy
G=| : : (8)
Gi—11 Gic1p - Gicqjo1 Gioqj
Gin  Gip o Gijor Gy

where Gi; is the G-function calculated for the thermal response caused by pile j over pile I in a time tsep.
For instance, when i = j, G;; corresponds to the individual pile thermal response (e.g., like G in the
RHS of Equation (3)), while when i # j, Gij corresponds to the pile-to-pile thermal interference from
pile j in the thermal response of pile i (e.g., like G1 in the RHS of Eq. (3)). The individual pile response
functions are solved considering the respective Ry value of each pile, while the thermal interference

function consider Ry = 0. In this work, other analytical models besides the FLSM (used by Marcotte

14
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and Pasquier (2014)) are used for the calculation of the G-functions. The connection matrix L has the

following shape, considering all piles connected in series:

. -1 -1 -1
21C, ; 2mCy s 2mMCy
1 . -1 -1
2imC, ; 2mC,; 2mC,y;
L= : : 9)
1 1 . -1
2mC,; 21Cy; 2iC, ;
1 1 1 .
2imC, s 21C, 21C, ;

The Matrix L can be modified to solve parallel-only or mixed connections systems by changing the
corresponding Li;j and L;; values to zero when piles i and j are connected in parallel instead. This is not
required in this paper, as all cases simulated have piles connected in series only. This methodology

assumes that no heat loss occurs on the surface pipes (Touti = Tin,i+1).

Finally, the vector d is the thermal response history vector, where each element is the thermal response
of each pile in the system calculated prior to the current time-step (starting from d = 0). The calculation
of the thermal response history is complex and time-consuming since it requires considering the
temporal superposition of effects for each pile. However, it can be obtained faster through the
convolution product of (gi*fi)(t), where qi(t) is the thermal power transfer rate (W/m) step function, f;
is the analytical model thermal response function (both corresponding to the same pile i) and t is the
time passed before the current calculation step. The convolution product can be efficiently computed
using Fast Fourier Transform (FFT) (Lamarche & Beauchamp, 2007b; Pasquier & Marcotte, 2013).
The unknowns of the linear system are the average fluid temperature Tayg and each pile thermal power

transfer rate g.

The methodology is validated by simulating the same 432 group tests from the FE models. In addition,
a full-scale TRT test in a group of eight energy screw piles is simulated analytically and the results
compared to the experimental measurements. The root mean squared error (RMSE) of both the mean

fluid temperature and the thermal power rejected per pile are analysed to validate the methodology
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before employing Eq. (7) with curve fitting to interpret TRT results, described in the following section.
Different analytical models (ILSM, ICSM, FLSM and both PGUB and PGLB Pile G-functions) are
used to calculate the matrix G and the thermal history vector d to evaluate which analytical models

provide the best fit.

3.3 Group TRT analytical interpretation

In evaluating the suitability of the analytical models for TRT analysis, two different approaches are
used for comparison (Figure 3). In the first approach, Ay and Ry, are obtained for each one of the 468
scenarios using the common TRT interpretation based on the ILSM log-linear regression (Appendix A
—Egs. A.2 and A.4). This method, hereafter named Traditional approach, does not account for eventual
thermal interferences between neighbour piles, since it assumes each case (pile group or individual pile)

as an equivalent single 100 m borehole heat exchanger.
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Figure 3. Process adopted to obtain each one of the analytical TRT estimations of g and Ry (1) The “Traditional
approach” which does not account for pile-t0-pile thermal interference, and (2) the “Thermal Interference
approach”, which is applied considering G-functions from all five models.

In a second approach, hereafter named Thermal Interference approach, the values obtained from the
Traditional approach serve as first guesses for a curve fitting parameter estimation process using the
Sequential Least Squares Programming SLSQP algorithm to estimate the correspondent parameters that
minimises the Tayg difference between the analytical methodology that do account for piles’ thermal
interferences and the one virtually generated for each of the FE models. The SLSQP algorithm allows
the use of bound constrains for the estimations, as recommended by Li and Lai (2012b) for TRT
interpretation using curve fitting. The analytical calculations are undertaken using the methodology
described in section 3.2 on all scenarios with multiple piles; populating the G matrix with G-functions

from the different analytical models presented in section 2*. The G-functions are solved for the distance

L All five analytical models in Section 2 were tested in the Thermal Interference approach. Following what was
observed in section 4.2, the ILSM, PGUB and PGLB models perform the best in predicting average fluid
temperature, thus Section 4.3 presents the new group TRT interpretation methods based on these three.
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r, when calculating the pile individual response (Section 2.1, Gi; for i=j) and the pile spacing s when
calculating the pile-to-pile thermal interference (Section 2.2, G;; for i#j). It is important to notice that
in the work of Loveridge and Powrie (2013) the Pile G-functions are reasonably approximated to zero
below certain low Fo values (i.e., early on in time). However, for the implementation of these G-
functions in the methodology presented here, the small thermal changes that may happen in a ts.p, cannot
be ignored in the G matrix calculation. To implement the Pile G-functions in G, the tsep value adopted
is adjusted to the lowest time where the Pile G-function is different from zero. Because this results in a
large tsep Values for larger pile to pile distances, the Pile G-functions cannot be utilized for calculation
of the off-diagonal elements of G (the pile-to-pile thermal interference, G;; for i # j). Instead, the pile-
to-pile G-functions from ILSM is used for G;; for i #j in G. However, for the calculation of the diagonal
elements of G (the individual pile thermal response, Gi; for i = j) both PGUB and PGLB are used, each
one on its respective interpretation. Both PGUB and PGLB equations adopted in this work considers

the pipes are positioned at the edge of the pile (Loveridge & Powrie, 2013).

Each interpretation provides one value of Ay and one of Ry, which are compared to the values from the
corresponding FE model (taken as the “true” values) to evaluate accuracy. While Aq is a FE model input,
the numerical R, value needs to be calculated using Eg. (10). Since the value of Ry, varies with time, the

average value over time after Fo = 5 is chosen as a representative value for each case.

1,
where Tf and T, are the integral mean temperature values from the circulating fluid and the

pile/borehole wall, respectively.

The TRT interpretation methods (Figure 3) are repeated for different time windows of the test when
interpreting the data (i.e., when fitting the analytical results to the “true” numerical ones), as the
analytical models may have a better fit for certain heat transfer phases. Time windows > 24 hours were
generated using pair of values shown in Table 2 (e.g., time window between 2 and 24 hrs; 2-36 hrs; 96-

144; 120-144 hrs; 364-336 hrs; etc.).
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Table 2 Starting and ending times pair of values used in generating various time windows for the TRT
interpretation analysis.

Time values (hours)
2 6 12 18 24 36 48 60 72 96
120 144 168 192 216 240 264 283 312 336

In total, over four hundred thousand TRT interpretations are undertaken, considering different test
scenarios (combinations of values in Table 1), analytical methods (ILSM, FLSM, ICSM, PGUB and
PGLB, besides the Traditional approach), and time windows (176 pair-wise combinations from Table
2). The quality of the estimations of Ay and Ry in each interpretation is evaluated using the percentual
relative error Err between the estimated parameter value P (from the analytical methodology introduced
here) and the “true” value V (used in the FE simulation). Negative Err values indicate underestimation

while positive values indicate overestimation:

P-V
Err = ——-100 (11)
The parameter estimation using the different configurations and models has been implemented using

the Python programming language and the SciPy package (Jones, Oliphant, Peterson, & others, 2001).
To execute this large number of analyses, parallel processing has been adopted using High Performance

Computing facilities at The University of Melbourne.

4 Results and discussion
4.1 Test simulations analysis

By comparing the fluid temperature of the models with multiple piles against their borehole equivalent,
it is possible to evaluate the loss of thermal power transfer efficiency of the pile groups caused by the
thermal interactions. For each combination of A4, Ac and r, values, the rise of the fluid temperature is
compared between the single BHE model and the equivalent models with two, four and eight piles.
Figure 4 presents the boxplot of this metric, described by thermal power retained TPy defined in Eq.
(5), shown for each group of piles, all parameter combinations and the different pile spacing in each
tested group. For larger spacing values (5 and 10 metres) TPy is insignificant, which indicates that the

pile group behaves similar to a single BHE. However, the difference increases for cases with smaller
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spacing, where higher values of nyies further increase the fluid temperature difference, due to more

elements interacting.

Figure 5 presents a further breakdown for all scenarios with pile spacing s = 1 metre, where the TP
values are the highest in Figure 4. It can be observed that the thermal interference is larger for higher
values of Ag, Ac and r,. While the first two parameters are related to the speed at which the thermal power
travels within the respective material, the increasing thermal interference with the increase in ry is
related to the resulting increase in the pipe spacing. In larger piles, the pipes are further away from the
centre of the cross section and closer to other energy piles. In comparison to a BHE of an equivalent
total length, the group of piles can exchange on average around 4.5%, 10.3% and 14.3% less thermal
power, for 2, 4, and 8 pile groups respectively, with a maximum of 72.6% in extreme cases. The relative
efficiency of the group increases in scenarios with sufficient pile spacing, and benefits from lower

values of Ag, Ac and rp.

70
g
,‘f 351 4 piles
* 2 piles
0 - il i
1m 2m 5m 10m
Pile spacing

Figure 4. Thermal power retained by the groups with 2, 4 and 8 piles in comparison to their equivalent single
borehole scenario, grouped by their pile to pile spacing.
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Figure 5 Thermal power retained by the groups with 2, 4 and 8 piles with pile spacing of 1 metre in comparison
to their equivalent single borehole scenario. Grouped by influence of 4g , Ac and r.

Figure 6 pictures the undergoing thermal interferences during the TRT simulations with two piles 1
metre apart (Figure 6). Two combinations of Ag, Ac and ry, are selected, which enable the highest (Ag =
(4 WI(m-K)), Ac = (3 W/(m-K)) and r, = 25 cm) and lowest (g = (1 W/(m-K)), Ac = (2 W/(m-K)) and r
= 7.5 cm) thermal power flow. Importantly, these two combinations also represent the highest and
lowest values of TPy, and therefore the lowest and highest relative thermal efficiency, respectively (i.e.,
when a high heat flow is enabled through the parameters, thermal interference increases, hence relative
thermal efficiency decreases). The undergoing thermal interference is clear in both scenarios in Figure
6, occurring faster in the scenario with highest thermal power flow, while in the models with 5 m or
higher spacing the 20 °C contours (blue circles) never overlap. However, the fact that the fluid
temperature is relatively low shows that the thermal power is also driven away faster due to the higher
Ag, Which reduces the degree at which the soil is heating the piles nearby. While for lower thermal power
flow the temperatures are more extreme, the difference of the multiple pile geometries and the single
borehole is smaller than with higher thermal power flow where piles are close enough (Figure 5).

Therefore, the relative efficiency of scenarios with high thermal power flow is lower.
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Figure 6 Temperature contour plot of different times from the models with lowest and highest thermal power flow,
considering scenarios with 2 piles 1 m apart.

Figure 7 presents the percentage of the total thermal power that each pile rejects to the ground over time
on two of the models with eight piles connected in series. The model with highest thermal power flow
(based in the description from the previous paragraph) presents a greater percentage difference between
piles, while the lowest thermal power flow model shows relatively small differences between piles. The
reason behind that is the higher individual pile efficiency on rejecting thermal power due to the better
thermal properties, leaving less energy in the circulating water for the next pile, regardless of the pile
spacing. A steady state condition can be observed for s = 10 metres. Nevertheless, when s = 1 metre,
no steady state is achieved within the simulated 14 day TRT time. Moreover, the thermal interference
in the short spacing affects the thermal power rejected per pile accordingly to its position. The piles in
the corners (P1, P4, P5 and P8, recall Figure 2) have lower interference from neighbouring piles.
Consequently, the temperature rise for these occurs slower, and they tend to reject more thermal power
with time. Piles near the centre reach higher temperatures faster becoming less efficient at rejecting
heat. Proper analytical TRT interpretation of group tests require an analytical method capable of

capturing the thermal interferences and individual pile thermal loads.
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Figure 7 Percentage of thermal power rejected per pile in the group of eight piles, with lowest and highest thermal
power flow thermal parameters combination, and 10 m (a) and 1 m (b) spacing. The dashed line represents the
average percentage of thermal power rejected per pile for the eight pile system.

4.2 Thermal interference tool

4.2.1 Numerical verification
To verify the suitability of Eq. (7) to model TRTs on energy pile groups, the 432 tests with multiple

energy piles simulated with numerical models are reproduced analytically, using the methodology
described in section 3.2. The analytical methods do not use A as a direct input, yet it is used to compute
the thermal resistance. The thermal resistance R, can be obtained analytically using a variety of methods
(Jensen-Page et al., 2019; Loveridge & Powrie, 2014a). However, the Ry, value used in each analytical
calculation in this section is obtained from the numerical FE models using Eq. (10), this would render

the “true” Ry, value or “best in class”, avoiding any errors arising from analytical approximations.

Figure 8 presents the RMSE values of each one of the analytical models used to calculate the G-
functions in Eqg. (8). The thermal interference methodology can replicate the difference of thermal
power rejected per pile (Figure 7), given the low RMSE values observed in Figure 8b), where no
variation can be noticed between the different analytical models. Observing the mean fluid temperature,
the RMSE values of the ICSM stand out (up to 4 °C) while all other models’ results have a similar range
with values of RMSE under 1 °C for most cases. These results agree with existing literature, where
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similar performance of the ICSM compared to other analytical methods was observed for single heat
exchangers (Jensen-Page et al., 2019; Man et al., 2010; Yu et al., 2013). The ILSM and FLSM models
presented very similar RMSE values. The reasoning for this is that that the main difference between the
two models, the consideration of a finite heat source, is mostly important in later phases of heat
rejection, when the axial heat transfer becomes dominant (Li & Lai, 2012a; Philippe et al., 2009). Even
for the short piles with 12.5 metres length, the 14-day period seems insufficient to reach that heat

transfer phase.

Breaking down the results from Figure 8 by the different parameters in the analysis enables observing
where each model performs the best or worst in Figure 9. The thermal conductivity of the ground, A,
seems to affect both ICSM and PGLB results, with higher conductivity values resulting in lower errors.
For the ILSM and FLSM models, only the ¢ value (and thus Ry) seems to impact the performance of
the simulations, with lower ¢ values / higher R, values resulting in a higher error values for these
models. Since none of the models used, other than the Pile G-functions, consider the transient behaviour
of Ry and assume a constant value, it is expected that these models would perform worse where Ry, value
is higher. The Upper boundary Pile G-functions (PGUB) also presents a higher RMSE for lower A
because their usage is recommended for piles with high thermal conductivity. The Lower Boundary
Pile G-functions (PGLB) would be the recommended one for lower A.. However, Loveridge and Powrie
(2013) indicate that for Fo < 0.25, PGLB should be approximated to zero. As explained in section 3.3,
the time step has to be increased for the implementation of these functions in the stepwise algorithm.
Fo = 0.25 translates into almost 9 hours for the models for Ay = 1 W/(m-K) and r, = 0.25 m. This justifies
the higher RMSE values observed for low Agand high r, values for the PGLB. For the PGUB function,
the thermal response is approximated to zero when Fo < 0.01, which translates into less than 1 hour for
all scenarios. The smaller time step size adopted in the analytical modelling with the PGUB justifies its
best overall performance in comparison to PGLB. The fact that the pile spacing value impact is
negligible indicates that the functions utilised are suitable to model both the piles individual response

and the pile-to-pile thermal interference.
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421 Figure 9. Mean fluid temperature RMSE values (analytical versus numerical) of 432 group TRTSs, using the listed
422 analytical models inside the thermal interference algorithm, grouped by influence of 1g, ¢, r» and pile spacing.

423  To perform an even more detailed analysis, a few scenarios from Figure 9 are selected. Figure 10
424 presents the results of the analytical and numerical FE simulations of geometries with eight piles and
425  pile spacing of 1 metre and 10 metres. The lowest and highest thermal power flow thermal parameters
426  combinations are chosen again as defined in section 4.1. In all figures the grey dashed line marks the
427  time where Fo =5 on each model. The scenario with 10 metres spacing (solid lines) is compared against
428  the ILSM analytical solution, showing some errors in the early stages of the test (before Fo =5 in Figure
429  10a) and earlier in b), and a very good agreement for the latter stages. The model with 1 metre spacing

430  (dashed lines) is compared against the ILSM, PGLB and PGUB analytical solutions. The results show
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that after a certain time the ILSM fluid temperatures rise faster than the FE models. The PGLB results
match best with the lowest thermal power flow scenario, while the PGUB agrees with the highest
thermal power flow scenario. Regarding the widely used time threshold of Fo = 5, the beginning of
agreement of analytical results to the FE models happen around the threshold for Figure 10a) and earlier
than the threshold for Figure 10b), for both scenarios, the Pile G-functions match the numerical results
earlier in time then ILSM. These observations reinforce the suitability of Fo = 5 as the minimum
threshold for TRT analysis when using the ILSM. However, a high A value speed up the convergence

of the numerical and analytical model results.
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Figure 10 Mean fluid temperature over time in normal (left) and in semi-log (right) plots of the lowest (a — 1g =
1 W/(m-K); Ac = 1 W/(m-K); D = 0.15 m) and highest (b — 1g = 4 (W/m-K); 1c = 3 (W/m-K); D = 0.5 m) thermal
power transfer models with eight piles spaced 1 and 10 metres apart (dashed and solid lines respectively).

4.2.2 Experimental verification
To verify the applicability of the analytical methodology from section 3.2 beyond the FE simulations,

a full scale TRT executed in a group of eight energy screw piles with average pile spacing of ~3m is
simulated using the analytical thermal interference approach, and the results are compared to the
experimental measurements. The details of the thermal response test can be found in Bandeira Neto et
al. (2023). Given the small diameter of the piles (114 mm) and the relatively low ground thermal
conductivity (1.5 W/(m-K)), the ILSM is chosen to generate the G-functions to calculate the G-matrix
(Eq. (8)) for both individual pile responses and pile-to-pile interference for the eight tested piles,

following the learnings within these sections and considering Figure 9.

The comparison between analytical and experimental data is shown in Figure 11. Plot a) presents the
measured carrier fluid inlet and outlet temperatures over time and the corresponding analytically
calculated values, while plot b) presents the comparison between both. The difference observed in
Figure 11b) is due to an overestimation of the fluid temperature by the analytical calculation at the
earliest stages of the test due to not modelling the thermal resistance transient phase. Since the transient
phase represents a short period of the test (i.e., small pile diameter), the impact of not considering it in
this case is negligible and can barely be noticed in Figure 11a). For larger piles, however, where the
transient phase is important, the Pile G-functions may provide a more suitable result. The suitability of
different analytical models’ G-functions for simulating different scenarios may depend on the group

TRT geometry and arrangement and result in distinct interpretation strategies.
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Figure 11. Experimental and analytical fluid temperature values plots over time (a) and 1-on-1 (b) of a TRT
executed in a group of eight energy screw piles connected in series (data from (Bandeira Neto et al., 2023)).

4.3 Group TRT interpretation

Following the procedure described in section 3.3, the temperatures obtained using numerical simulated
TRTs are used in the Traditional approach (which does not account for thermal interactions) to obtain
estimations of Aq and Ry. Figure 12a) presents the error of these estimations (computed analytical value
versus ‘real” numerical input parameter) considering the test time window between Fo = 5 and the end
of each simulation. Even though this consideration results in an uncommonly long test duration for most
scenarios (typical TRT duration is around 50 hours after Fo = 5 (Franco & Conti, 2020)), the estimation
error using the Traditional approach on single BHEs is lower for longer tests. Consequently, a similar
outcome would be expected for group TRTs assuming a similar behaviour to an equivalent long BHE.
Unsurprisingly, the error values from Figure 12a) are higher for scenarios with lower spacing and more
piles, where the pile-to-pile thermal interference is greater. On scenarios with piles spacing < 2 m, the
Traditional approach underestimates Ay (negative error values) and overestimates Ry, (positive error
values) because there is high pile-to-pile thermal interference which is ignored by the Traditional
approach. Therefore, the Traditional approach interprets the fluid temperature increase resulting from
the thermal interference between piles as unrealistically low thermal conductivity and high thermal
resistance. When pile spacing is large enough (5 m or higher), the estimation error range is very similar

to the scenarios with just one borehole, suggesting that the Traditional approach can be used to interpret
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group TRTs the same way as individual BHE as long as there is no significant pile-to-pile thermal

interference.

For comparison, the newly proposed analytical Thermal Interference approach is used to interpret the
same test group pile scenarios. Figure 12b) presents the estimation error results of the Thermal
Interference approach using the ILSM G-functions to populate the G matrix and the thermal history d
vector considering the same time window from Figure 12a) (Fo = 5 until the end). The ILSM G-
functions are selected for consistency with the Traditional approach (explained in Appendix A). In
comparison to Figure 12a), the estimation errors decrease significantly for the closely spaced pile
scenarios, while for scenarios with spacing s > 5 metres the error values remain similar (Figure 12b).
Therefore, the Thermal Interference approach improves analytical parameter estimation of scenarios
where thermal interference is significant. However, there is still an influence of the number of piles and
their spacing on the A4 and Ry, estimations errors, as larger errors are observed for smaller pile spacing
and larger number of piles in Figure 12b). This indicates that, even though the Thermal Interaction
approach reduced the estimation errors, the degree of thermal interference still affects parameter
estimation accuracy. Since there is a deviation of the multi-pile analytical simulation results (s =1 m
and using the ILSM G-functions) from the FE models after a certain time (roughly between 100 and
200 hours — Figure 10 — section 4.2.1), it is possible that the estimation error could be reduced by

selecting a different interpretation time window.
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Figure 12. Estimation relative error of Ag and Ry using the Traditional approach (a) and using the Thermal
Interference approach (b) [note the change of y-axis scale between (a) and (b)].

To investigate this, the estimations errors of all interpretation windows described in section 3.3 (Table
2) are split in three groups, enabling the analysis of the time window selection impact on the estimation
error: 2-96 hours, 48-168 hours, and 168-336 hours, hereafter labelled as “early”, “mid” and “late” test
periods respectively. Figure 13 presents the estimation errors obtained when interpreting the TRTs with
the Thermal Interference approach (with ILSM G-functions) for the mentioned time windows. To
analyse the influence of both Ay and A values simultaneously, the Aq / Ac parameter ratio is presented on
the x axis. Overall, the estimation errors of both A4 and Ry, are larger when late testing periods are
analysed (Figure 13c), contrariwise to what is observed when the Traditional approach is used to
interpret single borehole TRTSs. This is related to the observed difference on fluid temperature obtained
when simulating the same TRT using the analytical thermal interference methodology (with ILSM G-
functions) and the numerical models on later test times for close-spaced scenarios (red and black dashed

lines in the left side of Figure 10a) and b). This implies that the ILSM G-functions overestimate the
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fluid temperature on the long-term thermal interferences’ calculation, therefore are less suitable to
interpret TRTs using late time windows. Moreover, the early time window estimation errors are overall
higher than the mid time windows errors (Figure 13a) and b), respectively), likely due to the known
unsuitability of the ILSM for modelling early TRT stages (which originated the adoption of Fo =5 as
a threshold for traditional single BHE TRT interpretation). During earlier time windows, of the values
of ry and Ac influence the estimation of Ay. The Aq values is overpredicted when A¢ is greater than A4
(lower Ag/Ac ratio) and underpredicted when A is lower than Aq (greater Ag/Ac ratio) as a result of the
influence of A.. This effect is more pronounced for larger piles, where the representative volume of A

is larger, hence the value of . affects the estimation accuracy of A4 if the test duration is not long enough.

The estimation of A4 using mid-range time windows present the lowest error values and lowest variance
(Figure 13b), while for the estimations of R, the same occurs in the early time windows. This happens
because the relative sensitivity of the ILSM to Ag increases with time, while it remains constant for Ry
(Franco et al., 2016; S. Zeng, Yan, & Yang, 2022); since the thermal interferance methodology is a
superposition of ILSM G-functions, the relation between Ay and Ry, sensitivities is similar. Therefore,
when interpreting group TRTSs using the Thermal Interaction approach with the ILSM G-functions, the
interpretation of the early test times provides a better estimation of R, while mid-range time windows

provide a better estimation of As.
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533

534 Figure 13 Estimation error of Aq and Ry obtained for all multiple pile scenarios using the Thermal Interaction
535  approach (ILSM G-functions) with time windows within three distinct time ranges: early (a), mid (b) and late (c).

536  To further test the proposed Thermal Interference approach for TRT interpretation, the Pile G-functions
537  upper (PGUB) and lower (PGLB) boundary equations are used to obtain the diagonal Gi; components
538  of the G matrix (for i = j), while the ILSM G-functions are used only for the off-diagonal components
539  (fori#]). Figure 14 presents the estimation errors obtained for the same time windows as Figure 13 but
540  using the above functions. It can be seen that, overall, the test interpretation using the PGLB results in

541  a larger estimation error range than both PGUB and ILSM G-functions (Figure 13). Moreover, the
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552

performance of the algorithm with the PGLB is particularly inferior for lower Ag/A¢ ratio values, which
likely occurs because the PGLB are better suited for scenarios where Ag/)Ac ratio is higher than one
(Loveridge and Powrie 2013). In addition, low A4 values result in higher values of time for the same Fo
number, which suggests that longer time steps are required for calculating the thermal interference when
PGLB are used (as stated in Section 3.3), jeopardizing the precision of the results. On the other hand,
the estimations using PGUB produce lower error values and lower variance for both Ay and Ry,
especially for early time windows; however, the error value range is still larger than when only the
ILSM G-functions are used. Therefore, the use of PGUB functions within the Thermal Interaction
approach may be more precise if the group TRT is shorter, while the use of the PGLB functions is
mostly unsuitable. A more detailed analysis is required to observe in which scenario the use of the ILSM

or the Pile G-functions might be more suitable than the other.
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555  Figure 14 Estimation error of g and Ry obtained for all multiple pile scenarios using the Thermal Interaction
556  approach (Pile G-functions) with time windows within three distinct time ranges: early (a), mid (b) and late (c).

557  When considering which approach to use for analysing group TRTS, a universal rule to achieve the very
558  Dbest estimation for each one of the numerous scenarios could not be identified within this work. Even
559  though more than 95% of the estimations presented an RMSE equal or lower than 0.1 °C, the range of
560 errors for both estimated parameters Ay and Ry is significantly large (Appendix C). Nevertheless, the
561 lessons learned from these analyses provide directives to guide the interpretation procedure of group

562  TRTs with significant inter-pile thermal interference, and the “best” results (i.e. lowest errors within a
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575

describable pattern) observed is presented as follows: Firstly, the use of the Thermal Interference

approach with the ILSM G-functions populating the entirety of the G-matrix results in estimation errors

lower than 5% for both A4 and Ry, for most of the examined scenarios (Figure 15), including considering

different time windows for each scenario. The results suggest that the interpretation of R, can be suitably

done considering only early test hours (e.g. 12 to 48 hours), regardless of the pile group configuration

and thermal properties. On the other hand, when computing Ay, different time windows are found to be

appropriate fir different scenarios. The traditional Fo = 5 threshold used for single pile or BHE elements

did not prove to be effective for group TRT interpretation since it does not take into consideration Ac

and it results in a longer test duration that can jeopardize the estimation precision. The suggested

interpretation windows for A4 can be seen in Figure 15b, depending on the values of Ac and rp.

A, prediction

a) ILSM G-functions in G

wh
—
<

Error (%)
s =
-
=
-
Error (%)
Lo
C——

b) Group TRT

Interpretation window — A,

r, = 756mm \
24 — 72 hours

ry > 75mm
>{ 48 — 96 hours

r,=75mm
A; =1 Wi(mK) <: /. 72— 120 hours

r,> 75mm

A, > 1 Wim-K) <:

R, prediction

o

@ 1-=0075m

Group TRT

Interpretation window — R,

12 — 48 hours

Figure 15. Estimation Error values for both Ay and Ry (left and right respectively) using the thermal interference

approach and ILSM G-functions (a), considering the time windows defined in (b).
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Similarly to Figure 15, Figure 16 presents the estimation errors obtained using the Pile G-functions
when calculating the individual pile response in the Thermal Interference approach (panel a) for certain
time windows (panel b) and disregarding the scenarios with r, = 75 mm. The time windows selected are
from earlier stages in comparison to Figure 15b) because the consideration of transient phase by the
Pile G-functions favours precise parameter estimation with earlier test stages. However, most of the
errors are higher. For PGLB, the reasons for this are mentioned in this section. In addition, using PGUB
produces larger errors when rp, < 250 mm, which indicates that the use of the Pile G-functions in this
methodology is more efficient for larger diameter piles (hence, the results for r, = 75 mm are not
presented in Figure 16). Despite the breadth of the errors, the use of the PGUB and the PGLB results in
underestimations and overestimations respectively, suggesting that their estimation could be used as

upper and lower boundaries by geothermal design engineers.

Ay prediction R, prediction

' | : PGUB in G
a) I

1
0 | !
0 1 : »
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S 0 S
i i iI i W s I
- \;/ " Lll\/
4
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2 2
Ac 1 1 I\
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b) Group TRT Group TRT
Interpretation window — Ag Interpretation window — R,

Figure 16. Estimation Error values for both Ay and Ry (left and right respectively) using the thermal interference
approach and Pile specific G-functions (a), considering the time windows defined in (b).

To the best of the authors knowledge, there are no other studies on the interpretation of group TRTs
(piles connected in series). However, the results of this work still can be compared to other studies that
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evaluated the interpretation of single element TRTs to summarize the key takeaways, since the Thermal
Interaction approach is based on the superposition of effects of the same analytical methods that are

used to interpret single TRTs. Table 3 presents statements about other works as well as this one.

Table 3 Summary comparison table of this work’s results on group TRTs against previous studies on single

Analytical models considered

Key takeaways

ILSM and Pile G-functions on
a single energy pile

Traditional Approach, ILSM,
ICSM and numerical methods
on single BHE

Traditional Approach, ILSM,
ICSM, FLSM and Pile G-
functions on a single Energy
Pile

Traditional Approach and
Thermal Interference approach
(ILSM, ICSM, FLSM and Pile

G-functions) on groups of

Energy Piles

ILSM provides a better fit to test
results, but test requires 72 hours.
Pile G-functions are more reliable for
shorter TRTs.

The numerical methods provided the

best fit to test results, followed by the

ILSM. Both methods estimations of A4

the are similar, while ICSM provides
lower A4 values overall.

Estimations from the ILSM, FLSM
and Pile G-functions are similar and
close to the correct values, followed by
the Traditional Approach while ICSM
is significantly off. Pile G-functions
results converge earlier to the correct
values.

The traditional approach estimation
errors are high (up to 80% for A4 and
1000% for Rb) for group tests affected
by thermal interference. The Thermal
Interference approach lowers these
errors to values similar to the other
studies on single pile/BHE.

The implementation of the ILSM in
the Thermal Interference approach
provides the lowest errors if the test is
no longer than 120 hrs (conditions
applied). The Pile G-functions are less
suitable for the Thermal Interference
approach for scenarios with low Ag.

593
594
595
596
597  pile/BHE TRTs.
Study
(Loveridge et al., 2014)
(Zarrella et al., 2017)
(Jensen-Page et al.,
2019)
This work
598
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5 Summary and Conclusions
This work addresses the thermal behaviour of energy piles during group TRTs and the respective test

interpretation. A parametric analysis consisting of 468 scenarios is undertaken to evaluate the influence
of thermal properties of both concrete and soil, pile diameter, pile length, number of piles, and the
spacing between them on the pile-to-pile thermal interference and consequences on interpreting group
TRTs. An analytical methodology that considers pile-to-pile thermal interference, based on the work of
Marcotte and Pasquier (2014) is presented and implemented in a dual objective curve fitting algorithm
to interpret group TRTSs. The algorithm performance is assessed under a broad range of conditions to

inform better practices on interpreting group TRTs. The main takeaways from this work include:

- The parametric analysis show that the pile-to-pile thermal interference is higher for scenarios
with closely spaced piles and higher values of Ag, Ac and rb. Scenarios with pile spacing > 5
metres do not present significant thermal interference despite of other parameters.

- In this work, the interpretation of the Group TRTs using the Traditional approach (i.e.
approximated by a single equivalent-long heat exchanger) provided similar performance to the
single BHE cases when the pile-to-pile thermal interference is not significant. However, if there
is thermal interference, Aq is underestimated and Ry is overestimated which may lead to
inefficient geothermal design. Pile groups can exchange up to 72.6% less thermal power with
the ground in comparison to a BHE with same total length.

- The Thermal Interaction approach significantly improves accuracy of thermal parameter
estimations. Utilising the ILSM G-functions renders the best results, however the selection of
the time window does not strictly follow the same guidelines as for single BHE TRTs. Longer
tests may jeopardize group TRT precision, and the optimal test duration is impacted by both A
and Aq, thus Fo cannot be solely relied upon since it is derived only from A4 (Eq. A.3).

- The use of the thermal interference methodology with the Pile G-functions from Loveridge and
Powrie (2013) provided good agreement on validation, but with higher errors than using the
ILSM. The use of the Pile G-functions is affected by its reasonable approximation to zero on

small time steps (specially PGLB), because of the stepwise characteristic of the Thermal
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Interference approach. Regardless, PGUB presented reasonable performance specially for
larger piles (r, = 250 mm) and shorter tests.

- The thermal soil conductivity may vary with depth (Cui & Zhou, 2022), which would impact
the TRT result and the behaviour of different energy structures in the same site (Bandeira Neto
et al., 2023; Lee, 2011; Raymond & Lamarche, 2013). The approaches presented here do not
consider these effects, as it is usually done in practice (Franco & Conti, 2020).

- The effect of groundwater flow on single BHE TRTs is usually considered within the resulting
soil effective thermal conductivity. However, the way that groundwater flow may affect group
TRTs is different than single element ones because of thermal plumes. Since this work does not
consider this effect, the use of the Thermal Interference approach on group TRTs under
influence of significant groundwater flow is yet to be evaluated.

- There are other potential sources of error on the group TRT that are not assessed on the
simulated tests, such as ambient temperature, variable thermal power input, and others.
However, strategies from TRT literature can be combined with the ones here presented to

address those (Abdelaziz, et al., 2015; R. Beier & Smith, 2003; Murphy et al., 2014).
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9 Appendix A: Analytical models

This section describes the analytical models’ equations that were considered in this work. Firstly, the

ILSM equation is presented below:

GiLsm

u
dayt

1 ® eu
= N A (A1)
T(t)=Ty+qR, +q Iy f r2 du
where T(t) is the (infinite line) temperature evolution (°C) over time t (s), To is the undisturbed ground
temperature (°C), q is the heat energy inserted per metre length of the BHE (W/m), ry, is the BHE radius
(m), oy is the ground thermal diffusivity (m?/s). When q is constant over time (i.e., TRT), the relationship
between T(t) and the logarithm of t is linear after a certain period of time. This log-linear form of the

ILSM Eqg. (A.1) can be simplified as Eq. (A.2) to obtain the A4 value from the TRT. Following the same

principle, Ry can be obtained from Eq. (A.4) (Beier & Smith, 2002).

. q
Ag = —4m¥ (A.2)

a
Fo=-2- (A3)

Tp

1 T(tlsec) - TO 4‘ag t

Ry = -1 A4
b 4ml, m n evr? (A4)

where m is the slope of the line obtained by plotting the average fluid temperature from the TRT test
against the natural logarithm of time (base €), Fo is the Fourier number, T(tisc) is the intercept in the In

space and vy is the Euler constant. According to Hellstrom (1992), Eq. (A.2) is valid for Fo > 5.

The Infinite Cylindrical Source Model (ICSM) (Ingersoll et al., 1954) (Eq. (5)) presents a more

complex solution, where it is not possible to isolate A4 and Ry such as done with the ILSM.

Gicsm (A.5)

—12
e~uFo 1 du
u?

0 T
0.0 = To 430+ o | syt VoY 0 — 1 Yo )

where p = r/rb and r is the radial coordinate, Jo, and J; are Bessel functions of the first kind and Yo and

Y, are Bessel functions of the second kind.
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675  The first solution of the finite linear source model (FLSM) (Eq. (A.6)) was proposed by Claesson and
676  Eskilson (1988). For simplicity, the use of the temperature at mid-depth = H/2 as an average of the
677  whole BHE is recommended. Later, Zeng et al. (2002) showed that this assumption overestimates the
678  borehole temperature and proposed a solution of an integral average of the whole BHE. This solution

679  was later simplified by Lamarche and Beauchamp (2007a) (Egs. (7) to (11)).

GrLsM
0 erfc Y T22+ (Z_S)2> erfc <—“ rzz-l-s‘f-:sP)
g
T(trz)—To+HRb+q I, f o e~ - Y ds (A.6)

GFLSM-Lamarche

JBZ+1 N

T(t,8) = Ty + 2Ry + - j terfew) —D, f terfewn) — D, (A7)

N Ny A e oy i

- - e—w2(32+1) _ e—wzﬁz
= VB +1-erfe(wyB2+1) - perfe(wp) - BT (A.8)

=p*+1-erfc (ww/ﬁz + 1) - 0.5 (ﬁerfc(wﬁ) + B2+ 4-erfc (w,/32 + 4))
_ e““z(52+1) — 0.5(€_w2B2 + e_wZ(B2+4)) (Ag)
BT

__ 1 B = ™ (A.10)
2pVFo H (A.12)

680

681  where z is the borehole depth where the temperature is calculated (m), r is the radial coordinate

682  (m), and erfc is the complimentary error function.

683

684
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10 Appendix B: Numerical model governing equations

The numerical model approach used in this work coupled governing equations of heat transfer and fluid
flow. Fluid flow modelling is based on the momentum and continuity equations (Egs. B.1 and B.2
respectively), considering that the fluid is incompressible. The heat transfer within the heat carrier fluid
considers both conduction and convection (Eqg. B.3 and Eq. B.4) while all other materials consider heat

conduction only (Eg. B.5).

ApsV-v =0

0/ () = ~%p — fo 2 vlvi ®Y)
at 2d,
AC aﬁ+ AC v-VT:V-(AAVT)+f@|v|v2+Q (B.2)
Prator 5 T Prétpsf f A PAREEYN wall :
Qwan = f(Tpipe wall» Tfr /1p' dp) (B.3)
oT,

mep,ma_;n =V (AmVTm) (B.4)

where A is the inner cross-section of the HDPE pipes, pw is the carrier fluid density, v is the fluid velocity
vector field, t is the time, p is the pressure, fo represents the Darcy friction factor, dy is the hydraulic
diameter of the pipe. Cp¢ represents the fluid’s specific heat capacity, At is the fluid thermal conductivity.
Quan stands for the external heat exchange rate through the pipe wall, which is a function of the
temperature on the pipe outer wall (Tpipe wan), the fluid temperature (Tr), the pipe wall thermal
conductivity and the pipe diameter. pm is the material density, Cpm is the material specific heat capacity,

Tm is the material temperature field and A is the thermal conductivity of the material.

In all models considered in this work, the inlet fluid temperature was determined from the thermal

power Q using the Eq. (B.5):

Q
Tin =~ + Tout (B.5)

mC
p.f
where Tin and Tou are the fluid inlet and outlet temperatures respectively, m is the mass fluid flow rate

and Cp is the fluid specific heat capacity.

A mesh analysis is conducted for all geometries. Table B.1 presents the mean absolute percentage error
(MAPE) of the fluid temperatures obtained by comparing the results of the models considered in this

work with simulations executed with denser meshes (i.e. more elements). The increase in the number
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705  of elements is presented as a percentage of the original since the element number is slightly for each

706  geometry. Table B.1 presents the results for each one of the geometries (1, 2, 4 and 8 piles).

707  Table B.1 Mesh analysis results for all model geometries considered.

Geometry Fluid temperature MAPE according to model element N° increase (%)
25% increase 50% increase
1 Pile 0.120 % 0.192 %
2 Piles 0.040 % 0.044 %
4 Piles 0.237 % 0.230 %
8 Piles 0.052 % 0.186 %
708
709
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710

711 11 Appendix C: Distribution of the error values
712 The figure bellow presents the histograms of the final RMSE values and both A4 and Ry estimation

713 relative errors obtained on ALL group TRT tests presented in this work.
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715 Figure C.1. Histograms of final RMSE (a), Aq estimation (b) and Ry, estimation (c) relative errors from all group
716  TRT estimations executed with the thermal interference methodology.
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